The absorption, fluorescence, and excitation spectra of free base tetraazaporphine (H 2 TAP) trapped in Ne, N 2 , and Ar matrices have been recorded at cryogenic temperatures. Normal Raman spectra of H 2 TAP were recorded in KBr discs and predicted with density functional theory (DFT) using large basis sets calculations. The vibrational frequencies observed in the Raman Spectrum exhibit reasonable agreement with those deduced from the emission spectra, as well as with frequencies predicted from large basis set DFT computations. The upper state vibrational frequencies, obtained from highly resolved, site selected excitation spectra, are consistently lower than the ground state frequencies. This contrasts with the situation in free base phthalocyanine, where the upper state shows little changes in vibrational frequencies and geometry when compared with the ground state. Investigations of the photochemical properties of H 2 TAP isolated in the three matrices have been performed using the method of persistent spectral hole-burning (PSHB). This technique has been used to reveal sites corresponding to distinct N-H tautomers which were not evident in the absorption spectra. An analysis of the holes and antiholes produced with PSHB in the Q x (0-0) absorption band made it possible to identify inter-conversion of distinct host sites. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Considering that the porphyrins (Ps) are responsible for most of the colours that exist in nature and phthalocyanines (Pcs) find widespread use as dye materials in industry, it is to be expected that these two vitally important families of molecules continue to be the subjects of active research. The Pcs are synthetic derivatives of Ps in which nitrogen atoms at the meso position in the aromatic polyene ring connect the four pyrrole groups in Pcs instead of the bridgingcarbon atoms in Ps. The essential optical difference between the two families of molecules is that the Pcs absorb very strongly in the red portion of the visible spectrum while the Ps absorb more weakly there. For this reason and their very high stability, the Pcs were originally used as dyes, 1 but more recently have found targeted use in applications such as photoconductors, 2 as nonlinear optical materials 3 or as photosensitisers in laser cancer therapy. 4 The parent molecule of the phthalocyanine family is free base tetraazaporphine (H 2 TAP) (C 16 H 10 N 8 ) whose structure is shown in Fig. 1 . Depending on the positions of the two hydrogen atoms, which can migrate between the four nitrogen atoms in the inner cavity, H 2 TAP has two stable tautomers when isolated in low temperature solids. We decided to investigate the spectroscopy of H 2 TAP a) Email: john.mccaffrey@nuim.ie b) Email: claudine.crepin-gilbert@u-psud.fr in cryogenic solids as these media provide a convenient inert environment to conduct resolved vibrational spectroscopy. The host used interacts only weakly with the guest species, and one can expect the frequencies obtained from the H 2 TAP spectra to be close to their gas phase values, which are currently not known.
In contrast to free base porphine (H 2 P), the transition between the ground state S 0 (G) and the first excited singlet state S 1 is fully allowed in H 2 TAP. This transition is responsible for the intense, so-called "quasi" (Q) band absorptions in the red part of the spectrum. 5 In the first excited singlet S 1 state of the free base molecules (H 2 P and H 2 TAP-both with D 2h symmetry) the degeneracy of the D 4h metal tetrapyrroles is lifted and two distinct states arise-namely, the Q x (S 1 ) at lower energy and the Q y (S 2 ) at higher energy. In chlorobenzene solution at room temperature, the Q x band of H 2 TAP absorbs in the region of 617 nm with the Q y band located at 545 nm. As indicated in Table I , a pronounced blueshift to 614 nm occurs on the Q x band when n-octane is used as a solvent.
In recent work 6 we studied the optical properties of free base phthalocyanine (H 2 Pc) and zinc phthalocyanine (ZnPc) isolated in low temperature matrices building on existing work in a wide range of different environments. The phthalocyanines have been examined in the solid state, [7] [8] [9] [10] [11] in the gas phase, [12] [13] [14] free expansions, 15, 16 and in helium droplets. 17, 18 In contrast, high resolution spectroscopy of the parent molecule H 2 TAP appears to have only been studied in Shpol'skii organic matrices [19] [20] [21] [22] where large (∼53 cm −1 ) siteinduced tautomeric splitting complicates the analysis of the fluorescence spectra. However, when excitation spectra were recorded by monitoring site-specific emission, quasi-line "absorption" spectra were obtained. 19 In Ref. 19 , the spectra were reported to about 20 400 cm −1 . They show resolved lines, but above 18 500 cm −1 very complex bands appear. This congested region, centred around 18 600 cm −1 is the location of the Q y (S 2 ) state origin, with the complexity arising from coupling 20, 22 with the vibrational levels of the Q x (S 1 ) state. Since no fundamental vibrational modes of the Q x state of H 2 TAP lie in the region, this coupling must involve overtone or combination bands.
In this paper we present the results of a study of the absorption and fluorescence spectra of H 2 TAP isolated in rare gas and nitrogen matrices in the region of the Q bands. Excitations of both the Q x and the Q y states were used to produce the reported emission. In addition, normal Raman spectroscopy has been recorded and predicted by high level density functional theory (DFT) calculations. A key aspect of the present work is the exploitation of the ground state Raman results in providing assignments of the observed emission bands. Analysis of the recorded fluorescence excitation spectra and observed hole-burning is also presented to probe aspects of site occupancy and N-H tautomerism.
II. METHODS

A. Experimental
Experiments on H 2 TAP were undertaken at the Institut des Sciences Moléculaires d'Orsay (ISMO) while calculations were conducted by the Low Temperature Spectroscopy (LTS) group at NUI-Maynooth. H 2 TAP was provided by the Minsk group utilising the synthetic method of Makarova et al. 23 . The cryostat, described in Ref. 24 , was cooled by a closed cycle helium refrigerator (displex) which allowed a lowest temperature of 7 K, but in the present work was operated mostly at 8 K. A resistively heated custom built oven described previously 25, 26 was used to heat and sublime the H 2 TAP powder to about 190
• C. The resulting vapour was entrained for deposition on a sapphire window in a large excess of the matrix gas (40 mmol/h) to isolate the H 2 TAP as monomer. Ne samples were deposited at 8 K, while 20 K was used for both Ar and N 2 samples. These high deposition temperatures were used to reduce multiple site occupancy of this large molecule. Further annealing was not undertaken. The isolation condition of H 2 TAP in the matrix samples was monitored with absorption spectroscopy of the Q x band origin, around 600 nm.
Absorption spectra were recorded with a 0.6 m JobinYvon monochromator having a resolution of few cm −1 using a tungsten lamp as the light source. Emission was produced with tuneable dye laser excitation using two lasers to cover the spectral range 500-610 nm. For the longer wavelength region, DCM dye was pumped by the second harmonic of a Quantel Q-switched Nd:YAG laser which has been described 24 previously. Shorter wavelengths were generated using Coumarin 540 in a Lambda Physik LPD3000 dye laser TABLE I. Absorption wavelength and wavenumber (nm/cm −1 ) values for the (0-0) transition of H 2 TAP (Q x and Q y bands) in different materials. In solids where doublet splitting is present, the red component has been selected in all cases. Chloroform 23  300  619  16 155  547  18 280  2125  Chloro-benzene 5  300  617  16 210  545  18 350  2140  n-Octane 20  300  614  16 305  536  18 640  2335 Solid matrix n-Octane (Shpol'skii) 22 pumped by the output of a Lumonics PM-886 XeCl excimer laser. Emission spectra were recorded using a time-gated, iCCD camera for photon detection (Andor DH720 system). The wavelength positions of the spectra reported were obtained by calibration of the monochromator with a mercury lamp. With the absolute position of the monochromator established, the wavelength of the dye laser was obtained for each excitation scan by finding the laser position in the CCD scans with the same monochromator. Excited state lifetimes were extracted from the time-resolved emission spectra by fitting the extracted decay curves with single exponential functions. Excitation spectra were recorded by scanning the dye laser while monitoring a range of emission wavelengths with the camera. This technique allowed us to record high-resolution excitation spectra of several emission bands simultaneously. The resulting 2D excitation-emission matrix (EEM) plots provide a very powerful method of analysing complex absorption spectra arising from multiple site occupancy. All the excitation spectra shown were obtained by monitoring selected pixels in the series of CCD emission spectra recorded. The bandwidth of the emission monochromator is around 3 cm
while the linewidth of the dye laser is less than 1 cm −1 . No correction, including the spectral sensitivity of the detection system, was applied to the spectral data. Conventional Raman spectra were recorded for H 2 TAP in KBr discs on a JY-Horiba LabRAM HR spectrometer at the "Fócas" research facility, DIT, Dublin. The 532 nm laser line was used as the light source and accumulation times were typically 20 min.
Persistent spectral hole-burning (PSHB) was performed on the Q x (0-0) absorption band of H 2 TAP in Ar, N 2 , and Ne matrices at temperatures of 8 K. The laser intensity used in the experiments for the creation of holes was 1-10 mW which corresponds to a power density of between 4 and 40 mW/cm 2 . Spectral holes were recorded using the sample transmittance, which were then converted to optical density (OD). The spectral holes presented were obtained by subtracting the initial spectrum from that recorded after hole-burning.
B. Theoretical
DFT was used with the B3LYP functional for both geometry optimisation and the calculation of vibrational frequencies. This is currently the most effective theoretical method for obtaining ground state molecular vibrational frequencies. Moreover, as established in our previous study 27 of zinc and free base phthalocyanine, the Raman intensities are also reliable. A variety of basis sets were utilised during the course of this work -specifically the 6-31g(d), 6-311G++(2d,2p), and 6-311G++(3df,3pd) -but only the results of the largest one are utilised in this work. The smallest one was compared with the DFT results published a decade ago by Berezin et al. 28 using the same basis set. All of the present calculations were conducted with the Gaussian 03 suite of programmes 29 running, as described in Ref. 30 , on a Linux workstation with two quad-core processors. When comparing with experimental results, the calculated vibrational frequencies were scaled by a uniform factor of 0.98, unless stated otherwise.
III. RESULTS AND DISCUSSION
A. DFT calculations
DFT was used for geometry optimisation of H 2 TAP and to calculate the ground state vibrational frequencies. No imaginary frequencies were found for any vibrational mode from which we conclude that the most stable molecular geometry is indeed planar, with D 2h symmetry. The unique bond lengths and bond angles of H 2 TAP determined using the specified basis sets are collected in Table II , while the values obtained with the largest [6-31G(3df,3pd)] basis set are indicated on the molecular structure shown in Fig. 1 . It is noteworthy in Table II that the bond lengths obtained with the smallest basis set [6-31g(d)] calculation are considerably longer than those obtained with the two larger ones. In addition, the values obtained with larger basis sets differ very little from one another. From this we conclude that the larger basis sets are appropriate for geometry optimisation and the prediction of vibrational spectra. Looking at the results of the largest basis set calculation, it is evident that the lengths of the 16 bonds (C-N and C-C) in the tetrapyrrole ring are all quite similar -in the region of 1.3 Å -with values ranging only from 1.32 to 1.37 Å. This similarity in the bond lengths is an indication of the strength of the conjugation on the inner ring and the extent of π -electron delocalisation occurring there. As far as we are aware, no crystal structures have yet been determined for H 2 TAP for comparison with the present calculated values. The frequencies and intensities predicted by DFT with the largest basis set for all 48 fundamental Raman-active modes of H 2 TAP are provided in Table III . It should be noted that the symmetry labelling used in this table has the principal (z) axis perpendicular to the molecular plane rather than passing through the two N-H bonds as IUPAC convention recommends and Gaussian 03 implements. This change in axis system has the effect of interchanging the 1 and 3 subscripts on the B irreducible representations. It was done to allow direct comparison with existing literature and future work on metal TAP molecules.
While H 2 TAP is the smallest of the free base tetrapyrrole molecules, containing 34 atoms -4 fewer than its closest relation, free base porphyrin (H 2 P, porphine) -it still produces 96 normal modes of vibration. However, due to the high D 2h symmetry found in the DFT calculations, the 96 vibrations are classified as follows into eight symmetry blocks: 17A g (R), 7A u , 16B 1g (R), 9B 1u (IR), 8B 2g (R), 16B 2u (IR), 7B 3g (R), and 16B 3u (IR) where IR indicates infrared-active modes and R, Raman-active modes. Because this molecule has a centre of inversion, mutual exclusion occurs between the IR-active and the Raman-active modes. As a result, only the A g , B 1g , B 2g , and B 3g modes from the above list are expected in the Raman spectra.
B. Raman spectra
The normal Raman spectrum of H 2 TAP, recorded in KBr discs with 532 nm CW laser excitation, is shown by the blue trace in Fig. 2 . The red trace in the plot is the Raman spectrum predicted by the highest level DFT calculation mentioned above. For the purposes of comparison with experimental data, the band frequencies of the DFT spectrum are scaled uniformly by 0.98. The observed and predicted spectra compare very well in terms of peak positions but less so in terms of line intensities. Differences in the intensities of the observed and predicted Raman for some of the bands, may be an indication of weak resonance effects in the recorded spectra. The predicted and measured vibrational frequencies for the Raman-active modes of H 2 TAP are collected in Table IV and are found to be in good agreement. The DFT predicted vibrational frequencies are in approximate agreement with previously published results from Berezin et al. 28 using the 6-31G(d) basis set. Provided also in Table IV are the mode assignments obtained from the current DFT predictions. It is immediately evident that only the A g and B 1g modes are actually observed. In agreement with the calculations, no outof-plane modes are present in the experimental spectra.
C. Absorption spectra
The absorption spectra of the two Q bands of H 2 TAP in the three matrices used as hosts are presented in the left panel of Fig. 3 . The spectra are clearly dominated by the intense 0-0 band of the Q x transition near 600 nm with much weaker vibronic bands extending up to 550 nm but evidently not reaching the Q y band around 520 nm. The Q x (0-0) bands are shown on an expanded wavelength scale in the panel on the right while the locations of the dominant feature of this transition are listed in Table I 22 for the Q x band in an n-octane Shpol'skii matrix. To the best of our knowledge, this transition has never been recorded in the gas phase either under static cell conditions or in free jet expansions. However, from our previous matrix work 6 on H 2 Pc, where numerous gas phase Table I as closest to the gas phase locations for the Q x and Q y band origins, respectively. The largest Q y − Q x state splitting is also observed in neon (2558 cm −1 ) and a slightly larger value is anticipated in the gas phase.
The absorption bands recorded for the Q y state near 520 nm are broader than the Q x but do not appear to be overlapped significantly by any vibronic bands of the Q x ← G(S 0 ) transition. This is because the (average) matrix Q y − Q x splitting of H 2 TAP is of the order of 2400 cm −1 considerably larger than the frequency of all the fundamental molecular vibrations with the exception of the C-H and N-H stretches. This situation for H 2 TAP is in stark contrast to its daughter molecule, H 2 Pc, in which severe band overlap occurs at around 1000 cm −1 , rendering the region of the band origin of the Q y ← G transition congested, even in free jet conditions. 16 As a result, the exact position of the band origin of the Q y state of H 2 Pc in the gas phase 15, 16 is still unknown. However, as will become clear in the excitation spectra, strong Q y − Q x state coupling also occurs for H 2 TAP, which means the coupling vibronic bands of the Q x state must involve nonfundamental modes, i.e., combination or overtones.
As shown on the expanded plot in Fig. 3 , the Q x absorption bands are highly structured in all three solids, with the band profile narrowest in argon and broadest in neon. Ar appears to be the simplest system with a single band dominating. In Ne the resolved features of the structured absorption band are narrow with the two strongest bands exhibiting a clear splitting of ∼6 cm −1 . Evidence of site structure is present in all three matrices, but as will be shown ahead, site-selected excitation and hole-burning are more effective techniques to resolve the multitude of features overlapped in these complex absorption bands. The size of the H 2 TAP molecule is very close to that of H 2 P for which site effects in rare gas matrices were investigated by means of visible spectroscopy by Radziszewski et al. 31 The absorption band structure is partially due to the presence of N-H tautomers which experience different matrix environments (see below, Sec. III F). The site structure for porphine was found especially complex in Ar and explained by the results of molecular dynamic calculations 32 showing that H 2 P occupies a large number of possible trapping sites. The same is expected for H 2 TAP, consistent with the pronounced difference in the absorption bandshapes recorded by us in Ne and Ar matrices.
D. Fluorescence
The fluorescence spectra recorded for H 2 TAP with Q x state excitation are compared in Fig. 4 for the three matrices, revealing a series of bands extending out to 670 nm. The presence of site structure is evident on all the bands in all matrices. Site effects could only be examined on the Q x band. Due to significant electron-phonon coupling strength, excitation into the band maximum excites the phonon-sidebands of all sites absorbing to the red of this. Thus the simplest emission, free of multiple site effects, is expected with excitation of structured features on the red wing of the absorptions. Additional details on the site structure are provided in the supplementary material 43 where Figure S1 summarizes site effects observed in the three matrices. The fluorescence recorded with Q y state excitation (data not shown) was even more complex due to the presence of multiple overlapping sites on each emission band. Neon showed the simplest behaviour revealing well resolved doublets even with Q y state excitation. This doublet structure matches that present in the absorption spectra shown in Fig. 3 . The similarity of the fluorescence bands produced with Q y and Q x state excitations indicates complete Q y → Q x relaxation has occurred and only emission from the Q x state occurs as has been observed 6 for H 2 Pc in matrices. The excited state lifetime in Ar was recorded as 4 ns-a value consistent with the fully allowed Q x ← G absorption transition of H 2 TAP.
In Fig. 5 a detailed comparison is made of the vibrational structure present in the fluorescence spectrum of H 2 TAP isolated in a neon matrix and that present in the Raman spectra, both observed and predicted. The strong similarity between the spectra indicates that the Raman-active vibrational modes are the same as those observed in emission. Except for the band at 1320 cm −1 all the vibronic bands observed in fluorescence are thus transitions from v = 0 to v i = 1 for fundamental vibrational modes i.e., no overtones or progressions are present. The agreement between the observed fluorescence and Raman modes has allowed us to make the vibronic mode assignments presented in Table IV . An inspection of the number and symmetries of the normal modes provided in Table IV indicates that the number of Raman modes is greatly reduced in the observed spectra. Moreover, from the bands presented in Table IV it is evident that only the A g modes carry significant intensity in the recorded spectra.
An aspect made obvious in the detailed comparison of the neon emission and the Raman spectra shown in Fig. 5 is the intensity disagreement present in the 700 and 1000 cm regions. Examination of the atomic motions provided by DFT calculations for the intense Raman vibrational modes in these regions reveals that both involve motions of the pyrrole ring. The one at 700 cm −1 is a rocking mode in the pyrrole while the higher energy mode involves C-C stretching in the pyrrole ring.
E. Excitation
Excitation spectra were recorded for H 2 TAP isolated in Ne, Ar, and N 2 by monitoring site-specific emission and scanning with the dye laser. As made evident in the comparison shown in Fig. 6 where the absorption and excitation data of Fig. 8 . Moreover, the positions of these bands agree very well with those obtained in previous work 19 done on H 2 TAP isolated in Shpol'skii matrices.
The vibronic structure on the Q x ← G transition is well resolved in excitation spectra and the extracted vibrational frequencies are collected in Table V possible in this case to distinguish the two bands with vibrational energies around 1315 cm −1 . In contrast, bands are quite broad in N 2 , leading in particular to a single intense band with a vibrational energy at 1496 cm −1 , instead of two. In situations where only a small change in geometry occurs between the excited and the ground state, a mirror image of the emission vibronic distribution is expected in the excitation. This has been observed by us 6 previously for matrixisolated H 2 Pc. Following this expectation, a tentative correspondence between emission and excitation values is given in Table V . However, as is evident there, excitation spectra reveal the presence of many more bands than the fundamental modes present in emission. Vibrational modes of B 1g symmetry can appear in excitation spectra because of the coupling between Q x and Q y excited states. Moreover, the additional vibrational structure in excitation can arise from overtones or combination bands. No specific assignments are made in the present study.
It is also evident in Table V that the vibrational frequencies in excitation are systematically lower than their equivalent mode in emission. Such behaviour was already observed in the absorption 31 and emission data 33 for H 2 P. From this observation it can be inferred that the force constants in the Q x state are lower than in the ground state. It is a consequence of the reduced electronic density in the occupied orbitals in the excited state which implies small changes in the internuclear distances in the ground and excited states of H 2 TAP. Both systems are in contrast to H 2 Pc in which little or no changes in the ground and excited state vibrational modes were detected. 6, 15 This difference signals the stabilising influence of the four benzo groups on the central tetra-pyrrole ring in H 2 Pc-an effect which is absent in the parent molecules H 2 TAP and H 2 P.
In contrast to the lower energy region, the excitation band positions above 2100 cm −1 differ from host to host with, as shown in Fig. 8 , the most pronounced differences occurring in the 2200-2700 cm −1 range. Considerable differences also exist in the band shapes for the four hosts in this spectral region. This is the location of the band origin of the Q y state which is known from the absorption spectra to shift from host to host, see Fig. 3 and Table I for specific values. We have also observed that the Q y − Q x state splittings are different for the blue and red sites in a given host with the red site exhibiting the larger values. Shifts of around 20 cm −1 in the Q x (0-0) absorption band correspond to a difference of around 100 cm −1 in the Q y − Q x state splittings. This pattern is consistent with what has been previously observed 19, 20, 22 in Shpol'skii matrices. These site effects exhibit the same tendency as the host effects presented in Table I , viz., the lower the energy of the Q x (0-0) band the smaller the splitting between the Q y − Q x state. This behaviour indicates that the influence of the host material is greater for the Q y than the Q x state.
F. Hole-burning
The purpose of this investigation was to study the ability of H 2 TAP molecules isolated in the rare gas and nitrogen matrices to exhibit PSHB 34 and to establish the spectral position of their photo-transformation products. It is known that photo-induced NH-tautomerism, i.e., the migration of the two inner hydrogen atoms to the opposite pair of nitrogen atoms (see Fig. 1 ) at the centre of the tetrapyrrole macrocycle is an observable phenomenon at low temperatures in the H 2 Pcs 35 and H 2 Ps. 31, [35] [36] [37] This effect provides a "photochemical" PSHB mechanism for these molecules. 38, 39 Furthermore, for the symmetrical porphyrins and phthalocyanines the absorption band of the photoproduct is located within the envelope of the initial absorption band. NH-tautomerism dominates the "non-photochemical or photophysical" PSHB mechanism which is based on the standard model of two-level systems in amorphous media 40 (model "Two Level System", TLS). Like site-selected emission, hole-burning spectroscopy can also be used to reveal sites that are not evident in the absorption spectra.
The present experiments have shown (see Fig. 3 ) that at low temperatures, the Q in all matrices is inhomogeneously broadened-the necessary condition for the formation of holes. Fig. 9 shows the Q x (0-0) region of the H 2 TAP absorption for the identification of molecular sites in the three matrices with PSHB. It is evident in the data shown that the resonant laser irradiation transforms large amounts of H 2 TAP sites and generates considerable changes in profile of the inhomogeneous absorption band. The high efficiency of hole creation confirms burning based on the NH-tautomerism of H 2 TAP. The tautomerism observed in the three matrices is characterised by various spectral changes of the parent and the photoproduct, which are matrix dependent because of the introduction of H 2 TAP molecules into specific sites of each of the three crystalline matrices. Numerous experiments conducted by us have shown complex correlations between the spectral sites of H 2 TAP, observed through phototransformation in all of the matrices used. However, the lack of clear mutual phototransformation is a consequence of (i) the large number of sites of isolation of H 2 TAP in N 2 , Ar, and Ne matrices and of (ii) the resulting overlap of the strongest spectral lines at different sites in the region of the Q x (0-0) absorption band. The second point does not allow for excitation of a single, distinct site using one specific laser wavelength. Note that in the case of low-dose irradiation and the presence in the system of large numbers of sites and considerable electron-phonon coupling, the profile of the hole is perfectly symmetrical and consists of the zero phonon hole (ZPH) accompanied by two phonon side-bands. One is the "true" phonon band-on the high frequency side, while the other (on the low frequency side) is the "pseudo" band of phonons, 41 which reveals the strength of the electron-phonon coupling experienced by the guest molecule in the host solid. From this overlap we can interpret the different holes formed in the first instance, by the possibility of simultaneous burning of some sites in which the spectral position of the ZPH is very close. Further analysis of the shape of the hole arising from NH-tautomerism must take into account the absorption profile of the photoproduct. This is so, because if the photoproduct absorption overlaps the "true" or "pseudo" phonon band of the hole, the resulting PSHB profile will be altered, with parts being even either positive or negative, depending on the weight of each contribution with their opposite signs. Due to this complexity, arising from the superposition of the hole and the anti-hole frequencies, far-reaching interpretation of the observed spectral changes requires additional studies. Nonetheless, as indicated in Fig. 9 , we have been able to identify centers that are linked by the process of phototransformation with molecules occupying sites corresponding to the most intense line in the band region Q x (0-0) absorption.
We began the PSHB investigations by choosing the laser frequencies to match the most intense components of the Q x (0-0) absorption bands. The result in nitrogen is reported in Fig. 9 , middle panel, red curve with a laser wavelength at 603.3 nm. One can see that the site of the photoproduct (anti-hole) appears at higher energy (601.7 nm). Once the spectral location of the anti-hole was identified, irradiation at this wavelength was used to demonstrate that the hole-burning process was reversible. This behaviour is depicted in Fig. 9 , middle panel, blue curve with a spectral hole at 601.7 nm and the anti-hole at 603.3 nm. The spectral shift between these centers is ν ≈ 44 cm −1 . In Ne matrices, the main doublet at 600.2 nm and 600.5 nm was assumed to belong to main sites occupied by the two tautomers. However, it was impossible to confirm this with the PSHB results because of the very small shift ( ν ≈ 6 cm −1 ) between the ZPH bands and the large electron-phonon coupling, as previously explained. The two spectral holes are depicted in Fig. 9 , upper panel, by the red and blue curves. Both excitations lead to a depopulation of the two sites, with the anti-hole at frequencies of minor sites. This behaviour is interpreted as a consequence of slight rearrangements of Ne atoms in the immediate vicinity of H 2 TAP, in this matrix which is especially soft at 8 K. Burning a hole in the high frequency range of the absorption band in Ne did not reveal evident anti-holes, as indicated in the green curve, Fig. 9 , upper panel. On the contrary, holes at the frequencies of the main sites clearly appear even in this case, meaning that phototransformations occur efficiently in these major sites via phonon excitation.
In Ar, the hole obtained by laser excitation in the maximum of absorption at 604.9 nm was not found to be clearly correlated with an anti-hole. We suspect that the photoinduced tautomers absorb at very close frequencies, and that, as in the case of Ne, it was not possible to identify clear frequencyselected sites to both tautomers from the PSHB results. On the other hand, correlated holes and anti-holes have been clearly identified with excitations in the red part of the absorption profile, as shown Fig. 9 , bottom panel, red and blue curves. Accordingly, the shift between the 606.0 nm and 606.8 nm site pairs of H 2 TAP/Ar linked by phototransformation ( ν ≈ 22 cm −1 ) is large enough to avoid the contamination due to phonon and pseudo-phonon side band excitations. In the absorption profile of the excited vibrational Q x (0-1) band (between 588 nm and 593 nm) it is noteworthy that spectral holes and anti-holes appear (Fig. 9 , bottom panel) with selective excitation to the Q x (0-0) band, an effect which is entirely expected.
The PSHB observed for H 2 TAP was found to be different in the three hosts studied. This behaviour matches very well the previous PSHB observations made by Michl and coworkers 31 for H 2 P in different rare gas hosts. Even though both molecules are predicted to be planar (with D 2h symmetry), H 2 TAP is smaller in size due to the absence of H atoms attached at the bridging N atoms leading to a possible difference in the sites occupied, especially in neon as has been observed. However, in the case of H 2 P in neon spectra were recorded at temperatures (4 K) significantly lower than the value of 8 K used in the present study. Xenon matrices were found to show a simpler case for H 2 P, but this host was not explored in the present work.
IV. CONCLUSIONS
We have investigated the electronic spectra of H 2 TAP isolated in rare gas and nitrogen matrices. A comparison of the room temperature KBr Raman and fluorescence spectra reveals strong similarities and when compared with DFT predicted Raman spectra, assignments of the vibronic modes have been possible. The close agreement is consistent with the similarities in the selection rules for both types of transitions. In contrast, excitation spectra are much richer showing many resolved vibronic bands when site-selected features are monitored. Excitation scans done in the region of the Q y band are complex and shift significantly from host to host.
The observed fundamental vibronic frequencies in the ground (G) and the lowest frequency modes of the first excited (Q x ) state of H 2 TAP are similar but particularly beyond around 500 cm −1 the frequencies differ with values of the dominant bands consistently lower in excitation than emission. This indicates changes in the binding potentials in the ground and excited states of H 2 TAP and matches earlier findings for H 2 P. Such changes were not observed in H 2 Pc, possibly because of the stabilising influence of the presence of the four benzo groups on the central tetrapyrrole ring. Moreover, the resolved vibronic features above 500 cm −1 in the excitation spectra are much more numerous than in emission. This is likely due to the occurrence of combination and overtone bands in the excited Q x state. The existence of the second exited Q y state more than 2200 cm −1 above Q x is responsible for the observation of complex excitation spectra due to nonadiabatic coupling between electronic and vibrational states.
Hole-burning spectroscopy was also used to investigate the site occupancy of H 2 TAP isolated as the guest molecule in the Ne, Ar, and N 2 host solids. The complicated site structure of H 2 TAP is still not fully understood. Further studies, in particular molecular dynamics calculations would be instructive to examine the site geometries especially in comparison with matrix-isolated H 2 P. A comparative vibrational analysis of H 2 TAP and MgTAP based on matrix-IR data is currently underway and will be the subject of a future publication. Moreover, the results of stimulated emission observed for H 2 TAP are currently being analysed in a close comparison with our previous findings 25, 26, 42 in a variety of matrixisolated tetrapyrrole molecules. 
